Cellulose esters are cellulose derivatives with broad application in plastics, films, fibers, coatings, textiles industries, and so forth. Taking cellulose acetate propionate (CAP) as an example, highviscosity CAP products are widely used in printing inks, hot-melt dip coatings and lacquer coatings, and so forth. However, it was and remains to be a great challenge to manufacture high-viscosity CAP derivatives because of the overuse of sulfuric acid as catalyst that can degrade cellulose and then affect the viscosity and molecular weight of the product. Herein, with use of the copolymer of divinylbenzene with 4-vinylbenzyl chloride (PDVB-VBC) as support, imidazole-containing ionic liquid (IM) as linker, and polyoxometalates (POMs) as catalytic active sites, novel solid acid catalysts of PDVB-VBC-IM-POMs are prepared and fully characterized by Fourier transform infrared, scanning electron microscopy, transmission electron microscopy, high-resolution transmission electron microscopy, nuclear magnetic resonance, Brunauer-Emmett-Teller, thermogravimetry-differential scanning calorimetry, and X-ray photoelectron spectroscopy. Application of the as-prepared catalysts for CAP shows the following advantages: (1) high viscosity and high molecular weight (Mw) of CAP can be achieved; (2) partially substituted CAP product (degree of substitution, 2.18-2.77) can be obtained without necessity of the hydrolysis step, in which the relatively higher substitution degree of cellulose takes place at the C6 position. This work shows the great potential of new designed solid acid catalyst for high value-added cellulose derivatives.
Introduction
Cellulose is the most common biopolymer and sustainable raw material with an estimated annual natural production of 1.5 × 10 12 tons.(1) Cellulose esters are cellulose derivatives with wide application in the field of plastics, films, fibers, membranes, coatings, textiles, and cigarette industries.(2−4) Cellulose esters with significant commercial value include cellulose acetate (CA), cellulose acetate propionate (CAP), cellulose acetate butyrate, and so forth. It is noted that the cellulose derivatization process is difficult in general because the natural polymer is neither meltable nor soluble in conventional solvents because of its hydrogen-bonded and partially crystallized structure. (5) Compared to many solvents, the ionic liquid systems have been extensively studied over the past decades because of their good solubility for cellulose.(6−10)However, the recycling issue of the ionic liquids is still challenging.
Sulfuric acid is widely used as the catalyst for industrial production of cellulose esters, but serious corrosion and large amounts of wastewater can be produced. The decomposition of cellulose by sulfuric acid greatly affect the product performance including viscosity, molecular weight, and so forth. (11) Moreover, because the reaction process is very hard to control, the commonly accepted pathway in industry is that the cellulose should be fully esterified first and then be hydrolyzed to a partially substituted product. This of course necessitates a separate hydrolysis step. (11) To avoid the above issues, the solid acid catalysts have been widely investigated for cellulose derivatives. (12−15) For example, Wu and co-workers prepared the SO4 2-/ZrO2 by impregnation method using ZrO2 as support and studied the influence on the acyl content and viscosity of CAP. (12) However, these conventional solid acid catalysts are generally not as effective as the sulfuric acid in cellulose esterification because they usually have poor accessibility or affinity to cellulose substrate because of the solid nature of both solid acid catalysts and cellulose substrate. It should be noted that Edgar and co-workers reported a new method for direct esterification of cellulose to partially substituted cellulose esters using insoluble sulfonated polystyrene resin beads as the catalyst. (13) Polyoxometalates (POMs) are a large family of anionic metal oxides of V, Mo, W, Nb, and so forth, and have been demonstrated to be attractive catalysts for acid catalysis (16−19) In this work, the polymer PDVB-VBC was designed to improve the accessibility between catalyst and substrate. The imidazole-containing ionic liquid (IM) was covalently grafted onto the polymer PDVB-VBC to enhance the solubility of cellulose during reaction. Note that POMs can slow down the decomposition of cellulose and reduce the substitution of cellulose. (11, 24) As a result, the solid acid catalysts of PDVB-VBC-IM-POMs were prepared and fully characterized by Fourier transform infrared (FT-IR), scanning electron microscopy (SEM), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HR-TEM), nuclear magnetic resonance (NMR), Brunauer-EmmettTeller (BET), thermogravimetry-differential scanning calorimetry (TG-DSC), and X-ray photoelectron spectroscopy (XPS). The experimental results showed that the molecular weight (Mw) and viscosity of CAP were largely enhanced by using PDVB-VBC-IM-POMs as catalyst Scheme 1. The 1 H NMR spectra suggested that the partially substituted CAP can be obtained directly without an hydrolysis step, which was unavoidable using sulfuric acid as catalyst. 
Characterization
FT-IR spectra were recorded using KBr pellets and recorded on a NICOLET 6700 (Thermo) instrument. Solid-state NMR measurements were carried out on a Bruker Avance 300 M solid-state spectrometer equipped with a commercial 7 mm MAS NMR probe. BET measurements were performed at 77 K on a Quanta chrome Autosorb-1 C analyzer. The samples were degassed at 150 °C for 6 h before measurements. The 1 H NMR spectra were recorded on a Bruker AV400 NMR spectrometer at 400 MHz, and the chemical shifts are given relative to trimethylsilane (TMS) as internal reference. Scanning emission microscope (SEM) images were collected on a Zeiss Supra 55 VP field emission scanning electron microscope. X-ray (EDX) analytical data were obtained using a Zeiss Supra 55 SEM equipped with an EDX detector. Transmission electron microscopy (TEM) micrographs were recorded using an Hitachi H-800 instrument. TEM images were conducted on a JEOL JEM-2010 electron microscope operating at 200 kV. High-resolution TEM (HR-TEM) was performed on a JEOL JEM-2100 under an accelerating voltage of 400 kV. Thermogravimetric (TG) and differential thermal analyses (DTA) were acquired using a TG/DSC 1/1100 SF from METTLER TOLEDO under N2 flow, heating rate of 10 °C·min -
1
. XPS data were obtained from a Thermo-Fisher Scientific ESCALAB 250 X-ray photoelectron spectrometer. The Mw data were obtained from a Waters 1515 GPC (gel permeation chromatograph). Viscosity of CAP was determined by an NDJ-79 rotational viscometer in a constant temperature water bath. The ultraviolet absorption spectra were recorded on a TU-1901 double-beam ultraviolet-visible spectrophotometer.
Synthesis of PDVB-VBC
PDVB-VBC and PDVB-VBC-IM were prepared and characterized according to literature method.(26−29) DVB (2.0 g) and VBC (1.5 g) were added to a solution containing 0.07 g of AIBN and 30 mL of ethyl acetate. After the mixture was stirred at room temperature for 5 h, it was hydrothermally treated at 100 °C for 24 h, followed by slow evaporation of the solvent at room temperature for 2 days. The sample designated as PDVB-VBC has monolith morphology. PDVB-VBC (1.0 g) was added to a solution containing 1.15 g of N-methylimidazole and 30 mL of N,Ndimethylformamide (DMF); the reaction was carried out at 80 °C for 72 h. After that, the reaction mixture was filtered, and the obtained precipitate was washed with acetone and dried at 50 °C for 12 h. The sample was designated as PDVB-VBC-IM.
Synthesis of PDVB-VBC-IM-POMs
PDVB-VBC-IM (1 g) was dispersed in 30 mL of deionized water and 4 g of PW12 at 60 °C for 12 h. After that, the reaction mixture was filtered and the obtained precipitate was washed with deionized water and dried at 60 °C for 5 h. The synthetic methods for PDVB-VBC-IM-PMo12, PDVB-VBC-IM-SiW12, and PDVB-VBC-IM-SiMo12 were similar to that of PDVB-VBC-IM-PW12. (30) Catalytic Reaction Acid activation of cellulose (2.0 g) should be taken into consideration, in which acetic acid (10 g), propionic acid (10 g), and a drop of H2SO4 (around 10 μL) were treated as activation fluids. Activation time and temperature were 1 h at room temperature. The catalyst (25 mg) and activated cellulose, as well as acetic anhydride (10 g) and propionic anhydride (10 g), were added into the reactor. The acylation was conducted at 45 °C. After 3 h, the catalyst can be separated by centrifuge. The CAP was gradually precipitated by dropping the transparent reaction solution into 5-fold deionized water. Then the CAP was filtered, washed with deionized water until odorless, and dried at 70 °C in the oven. (15) 
Results and Discussion
The mesoporous polymer PDVB-VBC was synthesized by solvothermal copolymerization of DVB with VBC in ethyl acetate at 100 °C. (26) Further modification with N-methylimidazole and POMs led to the formation of new PDVB-VBC-IM-POMs. As shown in Figure 1a , the FT-IR spectrum of PDVB-VBC shows typical absorptions of C-Cl bond at 1260 and 670 cm -1 , respectively. In contrast, the FT-IR spectrum of PDVB-VBC-IM exhibits the disappearance of such C-Cl absorptions and presence of the C═N bond at 1570 cm -1 ,(26) which is consistent with its structure. For PDVB-VBC-IM-PW12, the FT-IR spectrum shows strong absorption bands at 1088, 980, 920, and 810 cm -1 , respectively, which can be assigned to the P-Oa, W-Od, W-Oc-W, and W-Od-W asymmetric stretching vibrations, respectively.(31,32) FT-IR spectra of PDVB-VBC-IM-PMo12, PDVB-VBC-IM-SiW12, and PDVB-VBC-IM-SiMo12 are shown in Figure S1 (Supporting Information).(33) Figure 1 
-(a) FT-IR spectra of PDVB-VBC, PDVB-VBC-IM, and PDVB-VBC-IM-PW12, respectively. (b) 31 P CP/MAS NMR spectra of H3PW12O40 and PDVB-VBC-IM-PW12. (c) N2 adsorption-desorption isotherm. (d) Pore size distribution of PDVB-VBC, PDVB-VBC-IM, and PDVB-VBC-IM-PW12, respectively.
The MAS 13 C NMR spectra of PDVB-VBC-IM and PDVB-VBC-IM-POMs are similar ( Figure S2) , in which the peak around 52 ppm can be attributed to the carbon that connects the benzene ring and imidazole ring,(30) while the peak around 136 ppm is assigned to the carbon next to nitrogen on the imidazole ring. (34) The 31 P MAS NMR spectrum of H3PW12O40 (PW12) exhibits a sharp peak at −15.63 ppm, while that of PDVB-VBC-IM-PW12 shows at peak at −15.23 ppm (Figure 1b) . Such a shift can be due to the presence of the hydrogen bonding and electrostatic interactions between PW12 and PDVB-VBC-IM, indicating the successful preparation of PDVB-VBC-IM-PW12. (26) As shown in Figure 1 , the N2 adsorption-desorption isotherms of PDVB-VBC, PDVB-VBC-IM, and PDVB-VBC-IM-PW12 were classified as type IV with a clear H1-type hysteresis loop according to the IUPAC classification, indicating the presence of mesoporosity. . The pore size distribution curves of PDVB-VBC-IM and PDVB-VBC-IM-PW12 can be found to be 13.06 and 11.68 nm, respectively, indicating that the regular mesoporous channels are retained in PDVB-VBC-IM-PW12. TEM images and HR-TEM images are shown in Figure 2 . The thermogravimetric (TG) study of the PDVB-VBC-IM-PW12 composite (see Figure S4 ) performed under N2 in the temperature range of 25-700 °C reveals three main weight losses. In the first decomposition step, the 1.25% loss in the range of 25-250 °C can be assigned to the loss of water molecules. The second weight loss of 16% between 350 and 550 °C can be attributed to the loss of the organic polymer including ionic liquid.(34) The third weight loss of 0.28% ranging from 550 to 700 °C can be due to the PW12. On the basis of this result, it can be calculated that the PW12 loading amount is about 0.27 mmol/g for PDVB-VBC-IM-PW12. (Figure 3) shows the C 1s peaks at 284.8, 284, and 286.2 eV associated with C═C, C-C, and C-N bonds, respectively. And the N 1s peaks at 402.0, 399.9, and 399.0 eV are associated with C-N + , C-N, and + N-H bonds, respectively. (30, 36) These data are in good agreement with the structure of PDVB-VBC-IM-PW12. More specifically, XPS spectrum for W4f (Figure 3d ) reveals two peaks located at 37.6 eV of W 4f5/2 and 35.6 eV of W 4f7/2,(26,30) which are consistent with the W VI oxidation state.
XPS measurements of PDVB-VBC-IM-PW12

Figure 3 -XPS of PDVB-VBC-IM-PW12: (a) C, (b) N, (c) P, and (d) W.
To estimate the strength and the number of acid sites present in the catalyst, the potentiometric titration with n-butylamine was applied. The initial electrode potential (Ei) indicates the maximum strength of the acid sites, and the value where the plateau is reached indicates the total number of acid sites present in the catalyst. The strength of the acid sites may be classified according to the following scale: Ei > 100 mV (very strong sites), 0 < Ei < 100 mV (strong sites), −100 < Ei < 0 (weak sites), and Ei < −100 mV (very weak sites). The PDVB-VBC-IM-PW12 catalyst shows strong acid sites with Ei = 150.5 mV, while the PDVB-VBC and PDVB-VBC-IM exhibit the Eivalue of −792.6 and −278.8 mV, respectively (Table 1 ).(37−39) Esterification of cellulose with acetic anhydride and propionic anhydride is selected as the model reaction for the catalytic performance of the PDVB-VBC-IM-POMs solid acid catalysts (eq 1).
Chemical reaction for CAP syntheses
The degree of substitution (DS) indicates the degree of complete esterification of the products.(40) Table S3 shows the effect of esterification temperature on the DS and acyl content of CAP. The DS total of CAP-45 is much higher than that of CAP-40, and the DS total of CAP-50 and CAP-55 are close to that of CAP-45.
The effect of esterification temperature on the viscosity of CAP is shown in Figure 4a . The viscosity of CAP decreases with the temperature increasing from 40 to 55 °C, which can be attributed to the cellulose decomposition. The glycosidic bond on the glucose base rings in the cellulose is unstable at high temperature and under acid condition. The increase of temperature usually can promote hydrolysis and decrease the viscosity of CAP. Compared to that of the Eastman Chemical Co. commercial product CAP-482-0.5, whose viscosity is 153 mPa·s,(41,42)the viscosity of CAP catalyzed by PDVB-VBC-IM-PW12 is in the range of 198-498 mPa·s. Because the Mw of CAP decreases with the increase of temperature ( Figure S9 ), the reaction temperature is optimized to be 45 °C. Table 2 shows the effect of esterification time on DS and the acyl content of CAP. With increase of the reaction time, the product DS shows a rising trend and reaches the maximum in 3 h. Then the substitution degree tends to be stable. The DS and acyl content of CAP reaches 2.77 in 3 h. Therefore, the optimum esterification time is set as 3 h. Effect of esterifying agent (acetic anhydride and propionic anhydride) on the acyl content of CAP is shown in Figure 4b . With increase of the esterifying agent, the acyl content of CAP increases accordingly. When the mass ratio of acid anhydride and cellulose is 5:1, the acyl content of CAP reaches 47.32%. As such, we select the esterifying agent and cellulose quality ratio of 5:1 for the esterification.
Figure 4 -(a) Effect of esterification temperature on the viscosity for CAP syntheses. Reaction conditions: 2 g of cellulose, mass ratio of esterifying agent and cellulose = 5:1, 3 h of esterification time, 25 mg of PDVB-VBC-IM-PW12. (b) Effect of esterifying agent on the acyl content for CAP syntheses. (c) Effect of mass ratio of acetic anhydride and propionic anhydride on the viscosity for CAP syntheses. (d) Effect of different catalysts on the viscosity for CAP.
With increase of the propionic anhydride from 7.5 to 20 g, the viscosity of CAP decreases from 370 to 245 mPa·s. Therefore, it can be speculated that the content of propionyl group has a profound influence on the product viscosity. In another words, the higher the propyl content, the lower the product viscosity.
Effect of different catalysts on the CAP viscosity is shown in Figure 4d . The viscosity of CAP can reach 335 mPa·s by using 25 mg of PDVB-VBC-IM-PW12, which is higher than that of the Eastman Chemical Co. commercial product CAP-482-0.5. In addition, the use of this method can significantly reduce the use of sulfuric acid (0.05%), compared to the use of 8-10% H2SO4 as catalyst in industry. Less use of sulfuric acid greatly reduces the possibility of residual cellulose sulfonate in CAP products, increasing the thermal stability of the product.
We have performed a scaled-up experiment by using 10 times of the original experimental conditions (20 g of cellulose, 100 g of acetic acid, 100 g of propionic acid, and a drop of H2SO4(around 0.1 mL), 100 g of acetic anhydride, and 100 g of propionic anhydride, 250 mg of catalyst, 3 h, 45 °C). A partially substituted CAP product (DS ∼ 2.7) with high viscosity of ∼330 mPa·s and high Mw ∼ 92 500 can be obtained. The above experiments demonstrate the PDVB-VBC-IM-PW12 is an ideal candidate for further application.
FT-IR spectra of cellulose and CAP are shown in Figure S7 . The successful acylation of cellulose is demonstrated by the presence of characteristic bands of the ester group at 1238 cm -1 (C-O stretching of acyl group), 1751 cm -1 (C═O of ester group), and the reductions in characteristic bands assigned to hydroxyl groups at 3471 cm DSA, DSP, and DS total are the DS of the acetyl, propionyl, and acyl groups, respectively. I acetyl, Ipropionyl, and IAGU are the peak integrals of the methyl protons of the acetyl moiety, the methyl protons of the propionyl moiety, and all protons of the anhydroglucose (AGU), respectively. The relative amounts of substituents from the three hydroxyl groups can be obtained. Peak assignment for the 1 H NMR is summarized in Table S3 . (44) Figure 5b ). It is well-known that distribution of acetyl moieties among the three OH groups of cellulose has a significant influence on the dissolution behavior of CAP. TG and DTA of cellulose and CAP were performed on a TG/DSC 1/1100 SF from METTLER TOLEDO under N2 flow from 25 to 600 °C at a heating rate of 20 °C/min. (46) As shown in Figure S8a , TG of cellulose shows the decomposition in the range of 297.4-347.5 °C, while that of CAP ranges from 320.6 to 379.3 °C. It can be concluded that the thermal stability of CAP is higher than that of cellulose.
The PDVB-VBC-IM-PW12 can be recovered easily through centrifugation, washed with acetone, and dried at 60 °C. FT-IR spectra ( Figure S12a ) of the recycled PDVB-VBC-IM-PW12 still keep the characteristic absorption of PW12. HR-TEM images ( Figure S12b ) results are almost the same as the fresh one, indicating the stability of the catalyst. The catalyst can be recycled at least five times without obvious decrease of reactivity ( Figure S13 ).
Conclusions
In this work, novel solid acid catalysts of PDVB-VBC-IM-POMs were prepared by direct copolymerization of divinylbenzene with 4-vinylbenzyl chloride (PDVB-VBC) first, followed by covalently grafting imidazole-containing ionic liquid and then electrostatically binding with POMs. The as-prepared catalysts PDVB-VBC-IM-POMs were fully characterized by FT-IR, SEM, TEM, HR-TEM, NMR, BET, TG-DSC, and XPS. Among them, partially substituted CAP product (DS = 2.18-2.77) with high viscosity of 335 mPa·s and high Mw ∼ 92 500 can be achieved without the necessity of the hydrolysis step by using PDVB-VBC-IM-PW12 as catalyst. The resultant CAP showed high distribution of the acetyl moiety at the C6 position. The adopted strategy herein not only reduces the use of sulfuric acid dramatically but also saves the industrial hydrolysis step and reduces the production of large amounts of wastewater. As such, this work provides a facile one-step strategy for green and clean manufacture of high value-added cellulose ester.
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